It has been established that serum soluble endoglin (sEng) increases in women with preeclampsia. However, sEng levels have not been evaluated using a normal reference value specific to each gestational age.
Introduction
Preeclampsia is characterized by the appearance of both hypertension and proteinuria during pregnancy. It occurs in about 2.5% of pregnant Japanese women (1) and results in substantial maternal and neonatal morbidity and mortality (2, 3) . Although some types of gene polymorphisms are associated with the occurrence of preeclampsia (4) (5) (6) , the pathophysiology of preeclampsia remains uncertain despite significant research efforts.
Followed by the discovery of the increase of serum soluble fms-like tyrosine kinase 1 (sFlt1) before the occurrence of preeclampsia (7) and the discovery of the generation of preeclampsia-like symptoms after the administration of an sFlt1-virus vector to pregnant rats (8) , a number of studies have consistently shown that an excess of sFlt1 is associated with preeclampsia (9, 10) . However, almost half of all women with late-onset severe preeclampsia (9) or almost half with term preeclampsia (11) displayed an sFlt1 value within the normal reference range (9, 11) , suggesting that other factors may be involved in the occurrence of preeclampsia.
Most recent studies have shown that soluble endoglin (sEng) plays an important role in the pathophysiology of preeclampsia (12, 13) . Endoglin (Eng) is a component of the receptor complex for transforming growth factor (TGF)-β, and it interacts efficiently with TGF-β (14) . Preeclamptic placentas overexpress sFlt1 and Eng mRNAs as well as sFlt1 and Eng proteins (12) . Furthermore, recombinant sEng and sFlt1 induce a phenotype in pregnant rats similar to the clinical features of preeclampsia in humans (12) . sEng inhibits TGF-β1 signaling and blocks TGF-β1-mediated nitric oxide synthetase activation in endothelial cells (12) , suggesting that the increase in blood pressure in women with preeclampsia may be induced by the increase of circulating sEng concentration. A number of studies have reported that circulating sEng levels in women with preeclampsia after the onset of clinical disease are increased compared with those in normal pregnant women (15) (16) (17) .
To our knowledge, the reference range of serum sEng concentration was not established in reported clinical studies on sEng in women with preeclampsia (12, 13, (15) (16) (17) . Therefore, the deviation from the mean sEng levels in women with preeclampsia has not been analyzed. In our previous studies, we established reference values of serum sFlt1, PlGF, and sFlt1:PlGF ratio and found that almost all women with earlyonset severe preeclampsia showed large deviations in the distributions of serum sFlt1 and PlGF levels from the normal reference value curves, whereas only half of the women with late-onset type showed such deviation (9) . Because it has been reported that there is a significant correlation between sEng and sFlt1 levels (15, 17) , and that the difference in sEng levels between women with preterm delivery and matched controls was much larger than that between women with term delivery and matched controls (13), we hypothesized that the deviation in sEng levels from the normal reference value curve after the onset of preeclampsia, like the alterations in the sFlt1 level after the onset of preeclampsia (9) , may be more pronounced in women with early-onset compared to late-onset preeclampsia.
In this study, we tried to construct a reference curve representing the 90% confidence interval (CI) for serum sEng levels throughout the second half of pregnancy. The second purpose of this study was to compare the serum sEng levels in women with early-and late-onset preeclampsia using the newly obtained reference value.
Methods

Subjects and Procedures
We obtained written informed consent from all women as well as the approval of the Ethics Committee of our institute.
The study subjects consisted of two groups: one for constructing a reference range of serum sEng according to gestational age and the other for evaluating the serum sEng levels after the clinical manifestation of early-and late-onset preeclampsia. The study subjects were all Japanese women with singleton pregnancies. The first group consisted of 85 pregnant controls without preeclamspsia, from whom blood samples were collected three times at 20-23, 27-30, and 36-38 weeks of gestation; the samples were serially collected between April 2004 and April 2007. The second group consisted of 56 referred women with preeclampsia, from whom blood samples were collected as soon as possible after admission to our hospital due to the clinical manifestation of preeclampsia, between April 2000 and April 2007.
Blood samples were centrifuged at 4°C at 2,500 rpm for 15 min. Samples were stored at −20°C until use. Enzyme-linked immunosorbent assays (ELISAs) for human endoglin (DNDG00, R&D Systems, Minneapolis, USA) were performed in duplicate according to the manufacturer's instructions. The minimal detectable dose in the assays for sEng was 7 pg/mL, and the intraassay and interassay coefficients of variation for sEng were 3.2% and 6.5%, respectively.
We previously defined a reference value of serum sFlt1 during pregnancy (10) and previously measured the levels of serum sFlt1 in 34 preeclamptic women, 29 of whom had severe preeclampsia and had already been studied in our previous paper (9); however, five cases of mild preeclampsia were used for the first time in this study. We showed the difference of serum sFlt1 between women with early-onset preeclampsia and those with late-onset and analyzed the relationship between sEng and sFlt1 in women with preeclampsia.
Definitions of Preeclampsia and a Small-for-Gestational-Age Infant
We defined preeclampsia according to the definition and classification of pregnancy-induced hypertension (PIH) (2004) of the Japan Society for the Study of Hypertension in Pregnancy (JSSHP) (18) . In brief, preeclampsia was defined as hypertension with proteinuria occurring after the 20th week of gestation. Superimposed preeclampsia was defined as chronic hypertension diagnosed prior to pregnancy or prior to the 20th week of gestation, with proteinuria emerging afterward. Superimposed preeclampsia was included in the category of preeclampsia in this study. Proteinuria was defined as 300 mg/d from 24 h urine collection. If only test tape was available, repeated semi-quantitative test results of 1+, which represented 30 mg/dL of protein or more, were considered to constitute a positive result. We defined preeclampsia in subjects whose systolic blood pressure (SBP) was 140-159 mmHg and/or whose diastolic blood pressure (DBP) was 90-109 mmHg as mild preeclampsia, and we defined preeclampsia in subjects whose SBP was equal to or over 160 mmHg and/or DBP was equal to or over 110 mmHg as severe preec-lampsia. We defined preeclampsia whose onset was earlier than 32 weeks of gestation as early-onset preeclampsia, and we defined preeclampsia whose onset was at 32 weeks of gestation or later as late-onset preeclampsia. We diagnosed women with the following three findings-serum lactate dehydrogenase levels > 1.5-fold the upper limit in our institute, serum aspartate aminotransferase levels > 1.5-fold the upper limit in our institute, and low platelet (platelet counts < 10 × 10 4 /μL)-as having hemolysis, elevated liver enzyme, and low platelet (HELLP) syndrome, respectively. We defined an small-for-gestational age (SGA) infant as one having a birth weight below the 10th percentile for the Japanese population (19) . The multiple of the median (MoM) for birth weight was calculated as (A − B)/B (where A is the infant's birth weight and B is the median birth weight at the corresponding gestational week), representing the degree of deviation from the median.
Statistical Analysis
We calculated the standard deviation scores (SDS) of log10sEng and log10sFlt1 as (A − B)/C (where A is the raw value, B is the mean, and C is the SD). We defined high sEng and high sFlt1 as concentrations ≥ 95th percentile of the reference values at a given gestational week. The results are presented as the mean±SD. For both sEng and sFlt1, statistical testing was conducted after logarithmic transformation because it was proven that the data for serum sEng and sFlt1 after logarithmic transformation in pregnant controls closely resembled normal distributions using normal proportion-proportion (P-P) plots and the Kolmogonov-Smirnov test. The unpaired t-test or paired t-tests were used to compare two continuous variables if appropriate. The χ 2 test or Fisher's exact test was used to compare the categorical data. The fitted curve estimation was performed using built-in software within the SPSS software package (version 13.0J for windows). A level of p< 0.05 was considered statistically significant.
Results
In 85 women, serial serum data were examined throughout the second half of pregnancy. Individual changes in the serum concentration of sEng at 20-23 weeks, 27-30 weeks, and 36-38 weeks of gestation were plotted (Fig. 1 ). Three women (3.5%) showed sustained high sEng levels (> 15 ng/mL) during 20-38 weeks of gestation, although these three women showed neither hypertension nor proteinuria during the pregnancy. The majority of the remaining 82 women showed constant increases in sEng levels during 20-38 weeks of gestation. The characteristics of the remaining 82 women are shown in Table 1 . All women gave birth at ≥ 37 weeks of gestation, and the rate of SGA infants was 6.1%. The levels of blood pressure during pregnancy were all within normal ranges. The average of log10sEng levels in the 82 normal pregnant women significantly and gradually increased from 20-23 weeks to 27-30 weeks, and increased rapidly at 36-38 weeks of gestation (Table 2 ).
In three cases for which data were excluded, high values in the 20-23 weeks of gestation did not regress toward the mean in the 27-30 weeks of gestation, suggesting that these three values did not occur incidentally but held high value constantly. Using normal P-P plots, we checked the distribution of sEng levels at 20-23, 27-30, and 36-38 weeks of gestation, and we found that the data after logarithmic transformation closely distributed normally. In addition, the data distribution of log10sEng in 82 cases after excluding the three cases more closely resembled a normal distribution at 20-23 weeks, at 27-30 weeks, and at 36-38 weeks of gestation compared with the data distribution of log10sEng in 85 cases, including the three cases. Therefore, we calculated the reference value for serum sEng using the 82 normal controls after excluding three women with sustained high sEng levels. The distribution of log10sEng during the second half of pregnancy could be represented by a quadratic curve (y= 0.0018 x 2 − 0.0773 x + 1.454, y: mean log10sEng, x: weeks of gestation, p< 0.001). We hypothesized that the middle value at each week on the quadratic curve was equal to the mean of log10sEng at each week because the data distribution of log10sEng at each week were close to normal distribution using normal P-P plots when the sample size at each week was at least 10. As the results of Levene statistics of log10sEng at 20-38 weeks were significant (p< 0.001), and as the SD tended to increase according to gestational week, we tried to find the best fitted function by which the SD at each week could be represented. We found that the SD at each week could be represented by a linear function (y= 0.00667 x − 0.0682, y: SD of log10sEng, x: weeks of gestation, p< 0.001).
Thus, the 95th percentile of log10sEng was defined as mean log10sEng + 1.645 SD (y= 0.0018 x 2 − 0.0663 x + 1.342, y: 95th percentile of log10sEng, and x: weeks of gestation) (Fig. 2) .
Women with early-onset preeclampsia gave birth to infants approximately 7 weeks earlier than those with late-onset preeclampsia (Table 3) . Women with early-onset preeclampsia gave birth to an SGA infant more frequently than women with late-onset, and they had significantly lower MoM birth weights compared with those with late-onset. There were no significant differences in the frequency of nulliparity, severe preeclampsia, HELLP syndrome, or the levels of SBP/DBP, although the frequency of urinary protein ≥ 2 g/d in women with early-onset preeclampsia was higher than that in women with late-onset. Both early-and late-onset preeclampsia affected the serum sEng levels. Women with early-onset preeclampsia showed higher levels of log10sEng than women with late-onset (Table  4) . Moreover, it clearly appears that the deviation of sEng level from the normal reference curve in women with earlyonset preeclampsia may be more pronounced than that in women with late-onset (Fig. 3) . This finding was supported statistically by the almost twofold difference in the average log10sEng SDS between the two groups ( Table 4 ). The incidence rate of sEng≥ 95th percentile in women with earlyonset preeclampsia was 100%, and that in women with lateonset was 87%, suggesting that the increased sEng levels may be associated with the clinical symptoms, such as hypertension or proteinuria, in most women with preeclampsia, especially in women with early-onset.
In women with early-onset preeclampsia, the levels of log10sEng in mild type (n= 1) and severe type (n= 24) were almost the same (Fig. 3 ) (mean levels: 1.99 vs. 1.97±0.23). In women with late-onset preeclampsia, those with mild type (n= 5) and severe type (n= 26) were not significantly different (mean levels: 1.62±0.33 vs. 1.81±0.27, p= 0.177). Thus, serum levels of sEng may not be significantly associated with the severity of preeclamspsia.
We analyzed the effect of the onset of preeclampsia on the levels of sFlt1 in 34 women. Women with early-onset preeclampsia showed higher levels of log10sFlt1 than women with late-onset (Table 5 ). There were almost twofold differences of the average log10sFlt1 SDS between the two groups ( Table  5 ). The incidence rate of sFlt1≥ 95th percentile in women with early-onset preeclampsia was 100%, and that in women with late-onset was 65%. In addition, the incidence rate of both sFlt1≥ 95th percentile and sEng≥ 95th percentile in women with early-onset preeclampsia was 100%, whereas that in women with late-onset was 60%. Thus, alteration of both sFlt1 and sEng was a characteristic of early-onset preeclampsia. There was a positive correlation between the levels of log10sFlt1 and log10sEng in 34 preeclamptic women (r= 0.581, p< 0.001). In normal controls, there was weak inverse correlation between log10sEng at 20-23 weeks and SBP at 16-23 weeks (r= −0.273, p= 0.013), although there were no correlations between other combinations. In women with preeclampsia, the log10sEng levels correlated with neither SBP nor DBP (r= −0.105 and r= −0.036, respectively).
Discussion
In the present study, we established the normal reference value of the serum concentration of sEng throughout the second half of pregnancy. We also made two important observations. First, we found that there were several women with persistently high sEng levels during the second half of pregnancy who did not show clinical manifestation of preeclampsia, i.e., hypertension or proteinuria. Second, after the onset of preeclampsia, women with early-onset showed high sEng levels compared with those with late-onset; in addition, the deviation of sEng levels from the reference value in women with early-onset preeclampsia was more pronounced than that in women with late-onset.
We calculated the reference value for serum log10sEng using the 82 normal controls after excluding three women with sustained high sEng levels. The results of KolmogonovSmirnov analysis supported our judgment, that is, the exclusion of three cases with extremely high values, and the logarithmic transformation of the data. The concentration of sEng gradually increased from 20-23 weeks to 27-30 weeks, and it rapidly increased at 36-38 weeks of gestation. Thus, the 95th percentile of log10sEng as an arbitrary cut-off value for abnormality should be changed according to the gestational period. In short, from 20 to 27 weeks, a level of sEng of > 8 ng/mL is abnormal; from 28 to 30 weeks, > 10 ng/mL is abnormal; from 31 to 33 weeks, > 15 ng/mL is abnormal; from 34 to 35 weeks, > 20 ng/mL is abnormal; from 36 to 37 weeks, > 25 ng/mL is abnormal; and at 38 weeks, > 30 ng/mL is abnormal. Salahuddin et al. (16) reported that the serum level of 24.8 ng/ mL in women with preeclampsia in the third trimester (34.6±3.1 weeks) had the highest sensitivity (90%) and specificity (95%). The sEng value of 24.8 ng/mL at 34 weeks of gestation corresponded to the value greater than the 95th percentile in our data. The serum level of the 95th percentile in women with early-and late-onset preeclampsia in our study had sensitivities of 100% and 87%, respectively, which are sufficiently as high as the sensitivity reported by Salahuddin et al. (16) . Therefore, the cut-off values using the 95th percentile of the reference value curve of serum sEng levels might be appropriate for the prediction of preeclampsia in a future prospective study.
Although, to our knowledge, the reference range of sEng has not been established in previous clinical studies on serum/ plasma sEng levels in women with preeclampsia (13, 15-17, 20, 21) , the mean levels of serum/plasma sEng during certain periods of pregnancy in normotensive women have been reported. Levine et al., after randomly selecting 120 normotensive women at 10-42 weeks, performed a cross-sectional analysis within 4-week intervals of gestational age (13) . The mean levels of sEng among controls were stable until 33-36 weeks of gestation, after which levels of sEng increased by an average of 0.69 ng/mL/week until labor or delivery (13) . However, in our study, the sEng levels between 20-23 weeks and 27-30 weeks were significantly different. This difference might have resulted from the method of the collection of normal samples: our samples were collected longitudinally, whereas Levine et al. collected samples cross-sectionally at 10-42 weeks (13) , resulting in a statistical weakness in finding small differences at 20-30 weeks in the study by Levine et al. Regarding the concentration of sEng around 20 weeks of gestation, Rana et al. (20) reported that the sEng level (mean±SEM) at 17-20 weeks was 5.2±0.1 ng/mL; Levine et al. (13) reported that the mean sEng level at 17-20 weeks in controls was 5.8 ng/mL; the mean level of sEng at 20 weeks in our study was 4.2 ng/mL. Thus, the levels of sEng around 20 weeks in three studies, including our study, were almost identical, indicating good reliability of the ELISA kit for sEng.
To our knowledge, the existence of persistently high sEng levels during the second half of pregnancy in women with normotensive blood pressure level has not been reported. We have observed that there are some women with later occurrence of preeclampsia in whom the levels of sEng increased early from the second trimester until the occurrence of preeclampsia (unpublished data). Therefore, these women with persistently high sEng levels might have been women with high risk for the occurrence of preeclampsia who fortunately did not develop the clinical manifestation of preeclampsia before delivery. However, in one woman showing persistently high sEng levels, the levels of sEng were constantly > 70 ng/mL during 20-38 weeks, which was higher than the mean sEng level in women with late-onset preeclampsia (60 ng/mL). Therefore, it may be true that there are some women with high sEng levels during the second half of pregnancy who never develop preeclampsia. To test this hypothesis, we should observe a large prospective pregnant cohort in the future.
In our study, the mean sEng level in women with earlyonset preeclampsia was almost 1.5-fold higher than in women with late-onset (93 ng/mL vs. 62 ng/mL). Levine et al. (13) reported that the mean sEng level in women with preterm preeclampsia was almost 1.5-fold higher than that in women with term preeclampsia (46 ng/mL vs. 31 ng/mL). Staff et al. (17) also reported that the median sEng level in women who delivered before 34 weeks of gestation was almost twofold higher than in women who delivered from 34 weeks and onward (76 ng/mL vs. 40 ng/mL). Thus, preeclamptic women with earlier onset or with preterm delivery tended to have high sEng levels.
In addition, in our study, we demonstrated that the deviation of sEng levels from the normal reference value curve in women with early-onset preeclampsia was more pronounced than that in women with late-onset. The mean SDS in women with early-onset preeclampsia was almost twofold larger than that in women with late-onset (9.9 vs. 4.5). Levine et al. (13) reported that the mean sEng level in women with preterm preeclampsia was almost fivefold larger than that in matched controls, whereas the mean sEng level in women with term preeclampsia was only twofold larger than in matched controls, although they did not consider the effect of SD. Thus, in women with earlier-onset preeclampsia or with preterm delivery, the increase in sEng levels was more pronounced than in those with later onset or with term delivery.
The exact mechanism of the action of sEng in preeclampsia is far from clear (22) . At present, one important pathologic role of sEng in the pathophysiology of preeclampsia was clarified by Venkatesha et al. (12) ; that is, sEng blocks the TGF-β1-mediated activation of endothelial nitric oxide (NO) synthase (eNOS) by inhibiting TGF-β1 binding and signaling in endothelial cells. Since several studies have supported the hypothesis that decreased biologically available NO is central to the pathogenesis of hypertension in women with preeclampsia (23), the inhibition of eNOS activation by intravascular sEng suggests a molecular basis for the elevated blood pressure (12) . Most recently, one of the molecular mechanisms of the increases of both sFlt1 and sEng in preeclamptic women was elucidated by Cudmore et al. (24) ; that is, heme oxygenase-1 (HO-1) is involved in negative regulation of both sFlt1 and sEng release, and it has already been reported that protein levels of HO-1 in preeclamptic placenta are decreased (25) . The concentrations of sFlt1 and sEng in women with preeclampsia were positively correlated in our data and in previous reports (12, 15, 17) , supporting the experimental results of Cudmore et al. (24) . sFlt1, soluble fms-like tyrosine kinase 1; SDS, SD score; sEng, soluble endoglin. We previously defined a reference value of serum sFlt1 during pregnancy (10) and previously measured the levels of serum sFlt1 in 34 preeclamptic women, in whom 29 women with severe preeclampsia were already used in our previous papers (9), however, 5 cases of mild preeclampsia were firstly used in this study.
